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Robotic Solar Tracking Spectrophotometer 
• Offers real-time measurements of aerosol, gas, and cirrus cloud optical 
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• Camera allows for direct atmospheric 
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Abstract
Aerosols in the atmosphere are poorly understood in terms of how they affect
weather and drive climate and climate change. To advance this knowledge of
aerosols, I constructed a robotic solar tracking spectrophotometer to measure
direct solar radiation in a wide spectral range. From this data, I will obtain the
cirrus cloud optical depth, column ozone concentration, aerosol optical depth,
and aerosol size distribution. Long term collection of this data is used to analyze
the effects of aerosols and to quantify local radiative forcing. By using University
of Nevada, Reno as a measurement site, I can quantify the role of aerosols in
local radiative forcing from the variety of aerosols observed at the surface and
aloft. Reno is susceptible to dynamic aerosol transport across the Sierras and
is greatly affected by forest fires and dust storms making it a favorable place
for aerosol and climate research. Presented is the design of this instrument and
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In light of current climate concerns, efforts need to be made with the purpose
of recording real time atmospheric information so that a temporal climate un-
derstanding can be achieved. By measuring the static and dynamic state of the
atmosphere, numerous things can be accomplished. First, since the climate is
invariably warming and understanding of constituent climate forcing variables is
still highly uncertain as seen in Figure 1.1, there is a need to better resolve how
pollutants and gases in the atmosphere are forcing climate change. Second, by un-
derstanding climatological forcing and either anthropogenic or biogenic emission
regions, preemptive responses can be made to try and subdue hazardous clima-
tological effects. With proper instrumentation, dynamic transport modeling can
be validated so that these biogenic and/or anthropogenic emission sources can
be located and dealt with. Thirdly, a proper understanding of the pollutant type
and effects must be achieved so that human health and safety can be effectively
monitored. The human body has certain resistances to hazardous particulate
matter; however, sometimes unnoticeable pollution can be highly devastating,
requiring high precision instrumentation for detection.
With the aforementioned objectives in mind, I have constructed and tested
a robotic solar tracking spectrophotometer (RSTS) that in time will prove vi-
tal to ensure the success of each of these goals, from resolving radiative forcing
uncertainty to ensuring human health and safety. This instrument supplements
current atmospheric data by providing ground based spectral radiance data to
thoroughly understand numerous optical properties of the atmosphere. By sup-
plementing current instrumentation through focusing on specific components of
1
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Figure 1.1: Global mean radiative forcing of climate change for 2000 relative to
1750 as given by the IPCC1 shown in the left portion of the figure. Positive
bars denote warming forcings; negative bars denote cooling forcings; error bars
denote estimated uncertainties. For mineral dust and the aerosol indirect effect,
no estimates of the forcing were given, only uncertainty ranges. Level of scientific
understanding represents the subjective judgment of the IPCC working group on
radiative forcing of the reliability of the forcing estimate (Schwartz 2004).
real time climate data, the RSTS can provide thorough insight into local atmo-
spheric phenomena, long range atmospheric transport validation, satellite data
validation, and health risks. Whereas other instrumentation of this kind gives
highly focused distinct wavelength readings, this instrument works with a broad
high resolution spectrum to improve on existing methods.
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1.2 Background
To best understand the purpose and historical context of such a research en-
deavor, an appropriate assessment of the historical background and principles
of photometric devices must be understood. Photometry in its simplest form
is merely the study of how bright something is. In the sake of this research
endeavor photometry is used to study atmospheric conditions through sun pho-
tometry; however, the earliest examples of photometry were pioneered for the
purposes of astrophysical observations and measurements, as well as laboratory
intensity experimentation. Millennia ago, individuals were trying to identify vari-
ations in intensity of stellar lights sources. It was not until the early 18th century
that instrumentation was able to quantify the variations in luminous intensities
between sources of light. In 1729, Bouguer designed the first photometric device,
laying the foundation for the science of photometry. It is for this reason that
Pierre Bouguer can be considered the father of photometry. From this point,
scientists and mathematicians such as Johann Heinrich Lambert, Count Rum-
ford, and August Beer began trying to perfect the concept of photometry both
mathematically and technologically (Walsh 1926).
Almost three centuries have passed since Bouguer first laid the foundations
for photometric principles, and since then, the concepts of photometry have been
extended to numerous fields of science ranging from astronomy to chemistry and
more relevantly to the current work, atmospheric science. It was not until the
mid 20th century that photometric devices were extended for application in at-
mospheric science. In 1959, Frederic E. Volz was the first person to describe a
small, self-contained, and hand-held sun photometer for measuring aerosol ex-
tinction at 0.44 µm, 0.50 µm, and 0.64 µm as seen in Figure 1.2. The Volz sun
photometer, the gateway into modern aerosol research, revolved around ground
based remote sensing instrumentation and became one of the most widely used
Rainwater 4
instruments for atmospheric turbidity measurements (Acharya et al. 1995).
Figure 1.2: The original Volz multichannel sun photometer. Left, measuring
solar radiation; right, instrument level and diopter in lifted position for making
an airmass reading (Volz 1974).
The groundbreaking Volz instrument worked by using interference filters placed
in front of a photodiode to measure incoming solar intensity. Voltz was able to
utilize the Beer-Lambert-Bouguer Law and the Langley method (described in the
theory section) to isolate atmospheric turbidity (Volz 1974). Once the widespread
use of this device was achieved, Volz-type devices started to be designed using
different variations of photodiodes based on Si and InGaAs. In 1992, Forest Mims
formulated the idea of replacing photodiodes with LEDs after his discovery that
LEDs could be reversed to produce a voltage with incident light at wavelengths
close to LED emission spectra (Brooks, Mims 2001). Over the past half century,
individuals, companies, and institutions have used photometric principles to cre-
ate phenomenal instrumentation for an array of atmospheric purposes. Among
these improvements includes one of the most critical regarding the creation of
solar tracking mechanisms for automated measurements of atmospheric turbidity
and other atmospheric optical properties associated with light attenuation.
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1.3 Classes of Atmospheric Instrumentation
Many years have passed since the simplistic devices of Bouguer’s time, and the
scientific community has deployed numerous variations of photometric and atmo-
spheric devices for use across the world and in space. Currently, the scientific
community has a substantial database of atmospheric information readily avail-
able. This data comes from three basic subsets of instrumentation: satellites,
in situ, and ground based remote sensing. To best understand the scope of the
present research within ground based remote sensing instrumentation, each of
these subsets will be discussed.
1.3.1 Satellite Remote Sensing Instrumentation
First and foremost, satellite instrumentation makes up a prominent majority
of available worldwide atmospheric data. With data constantly being streamed
from various satellite constellation arrangements, a more global picture can be
observed. Satellites have the benefit of monitoring regions where in-situ and
ground based instruments are difficult to deploy. Furthermore, satellite mea-
surements provide substantial insight into weather dynamics and overall global
phenomena. Unfortunately, there are several drawbacks with satellite data. First,
satellite data is either employed through a geosynchronous orbit or through some
sort of orbiting scheme which results in scarce local data when trying to observe
small scale local temporal changes of the atmosphere due to the once per day
measurements of many satellites in a specified region. The most extensive at-
mospheric data that is retrieved from satellites comes from the NASA A-train
satellite constellation which is a system of seven polar orbiting satellites, four of
which are still completely functional, six of which are displayed in Figure 1.3.
The benefit of polar orbiting satellites is their ability to measure atmospheric
properties across the entire globe each day whereas the drawback is that for local
data, only one data set is available per day when the satellites pass overhead. On
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Figure 1.3: The afternoon polar orbiting satellite constellation known as the A-
train (L’Ecuyer, Jiang 2010).
the other hand, with geosynchronous satellites, there is generally not enough of
a cost benefit to deploy a satellite for high resolution local regions. Second, with
satellite retrieval, the algorithms must make error prone assumptions regarding
surface albedo. Unfortunately, these assumptions are especially inaccurate over
bright surfaces like the Great Basin. Lastly, when a satellite passes over, it
measures in grids where the measurement is averaged across the grid, limiting
the spatial resolution of the satellite sensor. One exception to this lack of spatial
resolution is the Calipso sensor which is a nadir facing lidar that focuses upon
a very narrow field of view; however, with this instrument, the measurement
will only intersect a city approximately once every two weeks for a few seconds
(L’Ecuyer, Jiang 2010).
1.3.2 In-situ Instrumentation
The second class of instruments is in-situ instrumentation. In-situ instrumen-
tation works either by measuring ambient air as it passes through a detection
region, or by actively pulling in air for measurement. In-situ instrumentation is
largely beneficial for identifying highly localized atmospheric phenomena focused
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upon individual constituents in the air such as diesel particulate matter, carbon
dioxide and water vapor. An example of in-situ instrumentation is the instru-
mentation used when a car is smog tested. A sensor is placed in the tail pipe and
as the car is revved, it records tail pipe emissions. The drawback of this class of
instrumentation is the counter argument to the drawbacks of satellite instrumen-
tation. Where satellite instrumentation generally focuses on a large scale, in-situ
instrumentation highly focuses on a much smaller scale at one point in space and
therefore is limited in its applicability for global climatological and mesoscale
phenomena. The use of in situ platforms such as unmoved aerial vehicles and
commercial aircraft is in its infancy.
1.3.3 Ground Based Remote Sensing Instrumentation
Ground based remote sensing instrumentation can be seen as a middle ground
to each of the aforementioned instrumentation. Ground based remote sensing in-
strumentation based on the sun as a source utilizes some of the same sensors that
are used in satellite remote sensing; however, it uses the direct solar irradiance
or radiance for data collection. It is for this reason that ground based sun photo-
metric instrumentation is highly applicable for a localized environment. Among
ground based remote sensing instrumentation, numerous subsets exist including
radiometers, photometers, pyrheliometers, pyranometers and radar. but for the
purpose of this research focus, a few photometric devices will be discussed.
1.4 Current Ground Based Remote Sensing In-
struments
Currently, there exist three major types of instruments for ground based remote
sensing: discrete band sun photometers, multi filter rotating shadowband ra-
diometers (MFRSR), and rotating shadowband spectroradiometers (RSS). The
first two are highly recognized and reliable instruments while the latter is still
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coming into prominance. These instruments work by measuring incoming solar
intensity in different ways and processing the subsequent data. The data that is
retrieved and can be processed by each of these instruments is solar radiance, total
optical depth (TOD), column precipitable water, Angstrom extinction exponent
(AEE), single scattering albedo, particle size distribution, and various gaseous
concentrations in the atmosphere including NO2, O3 and O2. Each of these vari-
ables will be explained later; however, it is useful to note that the culmination
of each of these components provides an enormous range of information span-
ning from identifying levels of hazardous pollutants to indicating whether or not
the atmospheric constituents in the local environment are causing climatological
warming or cooling.
1.4.1 CIMEL CE-318 Spectral Radiometer
Figure 1.4: CIMEL CE-318 Spectral Ra-
diometer during a measurement sequence
(Gregory 2011).
The first of these instruments, the
discrete band sun photometer, is ar-
guably the most recognized ground
based remote sensing instrument.
The most common instrument of
this form is the CIMEL CE-318
Spectral Radiometer that is used in
the NASA Aerosol Robotic Network
(AERONET). Hundreds of these in-
struments are stationed all over the
globe providing real-time data as part
of AERONET to provide diverse data
for improving satellite retrievals and
for characterizing local conditions.
Each device transmits raw data to
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servers where all of the aforemen-
tioned variables are processed and outputted to an online database. The Univer-
sity of Nevada, Reno currently hosts an AERONET station.
The CIMEL CE-318 Spectral Radiometer, shown in Figure 1.4, functions by
measuring solar intensity through a collimator within a narrow field of view, ap-
plying the same principles to that of Volz type sun photometers. Generally, each
device consists of two separate photodetectors which lie behind a filter wheel,
one silicon detector for the UV and visible spectrum, and one InGaAs detector
for IR. During each measurement cycle, the instrument aligns to the sun by a
solar position algorithm and precise refinement with a quadrant detector. Once
aligned, the instrument cycles through each of the filters measuring specific spec-
tral ranges. Each filter represents a different wavelength, filtering all but about
a 10 nm swath of light, centered about each wavelength. The standard CIMEL
CE-318 Spectral Radiometer operates at eight distinct wavelength bands (340,
380, 440, 500, 675, 870, 1020, and 1640 nm). Upon completing this measurement
sequence, the instrument returns to nadir position and transmits the raw data
to servers for processing. The second measurement sequence that the CIMEL
performs is principal and almucantar scans providing angular diffuse scattering
values. This produces valuable insight into climatological forcing such as the
warming or cooling effects of the aerosols in the local environment. This scan
also provides a retrieved value of the refractive index allowing for particle size
distribution calculation (Gregory 2011).
1.4.2 MFRSR/RSS
The next instrument, the MFRSR (Figure 1.5) provides the same kind of data in
similar wavelength bands; however, it works in a very different way. The MFRSR
works by acquiring total irradiance measurements and uses a shadowband to then
obtain diffuse irradiance. A zenith facing discrete wavelength sensor with a rotat-
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ing shadowband moves over the sensor at various angles. Four different measure-
ments are taken: one raw irradiance measurement without the shadowband, one
with the shadowband directly blocking the sun, and two additional measurements
at various angles.
Figure 1.5: Basic geometry of an auto-
mated rotating shadow band (shown in
position of total irradiance measurement)
(Harrison, Michalsky, Berndt 1994).
This allows the instrument to ob-
tain direct and diffuse irradiance val-
ues so that all of the necessary data
can be computed in one measure-
ment sequence (Harrison, Michalsky,
Berndt 1994). The final instrument,
the RSS works almost identically to
the MFRSR; however, instead of us-
ing discrete wavelengths, it employs a
spectrometer to serve the same func-
tion across a spectral range (Gianelli,
Carlson, Lacis 2005). This RSS impoves upon the MFRSR in its ability to better
resolve gaseous aborption in the atmosphere and to model particle size disrtibu-
tion to a within a higher certainty. Unfortunately, versions of the RSS require
large amounts of space and often face spectral problems that must be compen-
sated for in spectral algorithms. The infant RSS provides a strong basis for
research into spectrophotometry as well as providing insight into feasible im-
provements and modifications for optimization.
1.5 Instrumental Limitations and Proposed Im-
provements
Where the MFRSR has a spectral alternative that provides improved data, the
CIMEL does not have an effective spectral alternative. The presented research
aims to develop an effective spectral alternative to the CIMEL. By creating a
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spectral alternative to the CIMEL CE-318 Spectral Radiometer, several things
are accomplished. First, the CIMEL CE-318 and the MFRSR are known to
have several limitations inherent in their discrete wavelength functionality. These
inherent difficulties come in properly measuring gas/aerosol amounts and aerosol
particle sizes.
The RSS was necessary because the spectral capacity allows for a far superior
gas measurement. Properly analyzing gaseous concentrations in the atmosphere
ensures that all of the subsequent calculations are more accurate. To be able
to properly assess particle size distributions, a proper analysis of aerosol optical
depth derived from total optical depth must be attained through gas concentra-
tion subtraction. Therefore, the spectral alternatives to each of these instruments
will significantly improve the achieved accuracy of retrieved quantities. Second,
an issue with the current modeling techniques using distinct band radiometric
devices is the lack of highly resolved particle size distribution models. By only
having discrete bands, the only reliable modeling technique is a bimodal particle
size distribution model. This model works by breaking aerosol particle sizes in the
atmosphere into fine and coarse mode particles, which for many purposes lacks
resolution. With spectral radiometric devices, this can be improved to become
multimodal distribution with the limit being the extent of the wavelength range
and processing limitations. Lastly, spectral devices can vastly improve radiative
forcing computations as the abundance of wavelength data can be thoroughly
dissected to better understand a larger scope of particle extinction in the atmo-
sphere.
The purpose of the present research is to identify each of the shortfalls of the
aforementioned instrumentation and create a spectral alternative to the CIMEL
CE-318 Spectral Radiometer. By doing this, significant scientific advancement in




Analysis of data from the aforementioned instrumentation relies on radiation
transfer theory through a medium. As light passes through a medium, it is
subjected to scattering and absorption as shown in figure 2.1.
Figure 2.1: Light Scattering and Absorp-
tion by a particle (Liltorp 2013).
Scattering and absorption exists
as one might intuitively think of
reflected or absorbed light charac-
teristic of light and dark objects.
To quantify how ”bright” or ”dark”
something is in terms of reflection
or absorption, the term ”albedo” is
used, which is a unitless quantity be-
tween 0 and 1, where 0 absorbs all
incident light and 1 reflects all incident light. An object with a high albedo
would be that of a white piece of paper, which reflects the majority of incident
light, and an object with a low albedo would be a black object. In reference
to particles, sulfate particles would be highly reflective with a high albedo, and
black carbon particles would be highly absorptive with a low albedo. However,
when it comes to particles, things start to change slightly. Particles and ele-
ments are able to absorb and release energy. When a particle absorbs light, it
will enter an excited energy state. The particle may release energy and re-emit a
photon of the same in a random direction becoming scattered light. Because of
this, light scattering can occur in any direction, but for particles the probability
of scattering in a particular direction depends on particle size and wavelength.
12
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Being that each kind of particle consists of different bonding structures, energy
levels and distance between electron orbitals, each particle will scatter light in
various ways, characterized by a particle phase function. The structures of these
particles will also determine which wavelengths of light will interfere with the
particle. A common example of a particle phase function is angular scattering
presented in natural rainbows. In order to simplify radiation transfer theory and
due to the complexity of particle scattering, two assumptions must be made for
the presented research. First, that in a given medium, light is only subjected to
single scattering. Second, near-forward scattering is nonexistent. This is because
in a collimated beam of light, if a photon is scattered multiple times, there is a
possibility that diffuse light that is not a part of the direct beam will scatter into
the collimated beam leading to a potentially inflated reading of intensity. Also,
if light is subject to forward scattering, then again, light that should not have
made it to a measurement apparatus will be present, resulting in the dismissal of
particulate matter that is interfering with the direct beam.
In reference to the atmosphere, the atmospheric column can be assumed to be
one large single scattering cell with the sun as our light source. Being that the so-
lar spectrum resembles blackbody emission at 5778K, light reaching the top of our
atmosphere is consistent with a theoretical blackbody curve with various spectral
lines already removed in the sun’s atmosphere as shown in figure 2.2. Therefore,
hydrogen’s presence causes distinct absorption minima. Once sunlight begins
to pass through the atmosphere, various constituents such as ozone, nitrogen
dioxide, oxygen, nitrogen, methane, nitrogen monoxide, water vapor and carbon
dioxide. begin to attenuate the direct solar beam. This gaseous concentration
reduces the intensity of the direct beam and results in distinct absorption bands.
Furthermore, once the direct beam interacts with aerosol in the atmosphere, light
is further attenuated based on aerosol properties. Once the subtraction of the
interference of gases that are normally in the atmospheric column is performed,
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Figure 2.2: Solar Spectra at various levels. Blackbody radiation curve at 5778K
plotted alongside spectrum at the top of Earth’s atmosphere and at the bottom
of the atmosphere at 860 mbar assuming standard gaseous concentrations with
and without an aerosol optical depth of 0.84. Blackbody curve plotted from
spectralcalc and the top of atmosphere and attenuated spectra from SMARTS
(Gueymard 1995, 2001)
a deduction of what kinds of particulate matter is present can be made. This is
done by breaking down the various wavelengths and studying the different sizes
of particles and how they affect the direct beam. This is where radiation transfer
begins to highly pertain to scientific advancement. Because of how the light is
attenuated due to optical depth at different wavelengths, we can get a clear idea
of the types and sizes of particles causing such interference.
A simple way to think about this is by conceptualizing a large wavelength
wave and a tiny particle. As this wave interacts with this particle, the effect
of a tiny particle is minimal; however, if a large particle is present, there is a
much higher probability of interaction. Also, if there are millions of tiny parti-
cles, there is an increased probability of interaction. Therefore, by looking at the
longer wavelengths which are less susceptible to smaller particles, we can deduce
whether or not large or small particles are present and in approximate quantities.
Needless to say, this is an oversimplification of scattering theory; however, it is an
accurate conceptualization of atmospheric attenuation, which when mathemat-
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Due to the nature of the presented research and the requirement to use direct
solar radiation as the light source incident upon a passive sensor, the position of
the sun must be determined. Being that the RSTS is a self correcting system that
adjusts for errors in setup alignment, a coarse general solar position calculation
is sufficient (General Solar Position Calculator n.d.). The general solar position
calculator uses fractional year, latitude, and longitude. Once fractional year is
computed, solar declination, true solar time, and solar azimuth and zenith angles




(dayofyear− 1 + hour− 12
24
) (2.1)
From this, the equation of time is given by eqtime = 229.18(0.000075+0.001868 cos γ−
0.032077 sin γ − 0.014615 cos 2γ − 0.040849 sin 2γ and the solar declination angle
is given by decl = 0.006918− 0.399912 cos γ + 0.070257 sin γ − 0.006758 cos 2γ +
0.000907 sin 2γ − 0.002697 cos 3γ + 0.00148 sin 3γ . From this, true solar time is
calculated by tst = hr ∗ 60 +mn+ sc/60 + eqtime− 4∗ longitude+ 60∗ timezone
where longitude is in degree, eqtime is in minutes, and timezone is in hours from
UTC. The solar hour angle is then computed by ha = tst
4
− 180. Finally, solar
zenith angle and solar azimuthal angle are computed from
cosφ = sin lat sin decl + cos lat cos decl cosha (2.2)
and





Although this algorithm works within a reasonable certainty for most pur-
poses, for the most accurate solar position algorithm to be employed with un-
certainties of less than ±0.0003◦ from the year -2000 to 6000, a solar position
algorithm described by Reda, Andreas (2004) could also be used. The Reda, An-
dreas (2004) algorithm requires inputs of Date, UTC, ∆UT1, longitude, latitude,
elevation, and the annual local pressure and temperature. Note that UTC is
the coordinated universal time that has been modified from UT (Greenwich civil
time) by an additive factor, ∆UT1, known as the leap second. The algorithm
is laid out in detail by Reda, Andreas (2004) with the majority of the computa-
tions based off of the Julian Ephemeris Day derived from the Julian day, which
is defined as starting on January 1, 4712 at 12:00:00 UT.
2.2.2 Optical Depth of the Atmosphere
Optical depth is a unit-less variable used to quantify light attenuation. Optical
depth is used in the Beer-Lambert-Bouguer law
I = I0e
−mτ , (2.4)
where I is the intensity at the observation point, I0 is the un-attenuated solar
intensity, m is the unit-less air mass quantifying the slant path of light through
the atmosphere, and τ is the normal optical depth (Bodhaine et al. 1999). When
applied to an atmospheric column measurement, the Beer-Lambert-Bouguer Law
is modified to include the eccentricity of our terrestrial orbit, a unit-less scaling
factor denoted by ε, where I = I0εe
−mτ . An approximation of ε is given by
ε = 1.00011 + 0.034221 cosψ + 0.0012 sinψ + 0.000719 cos 2ψ + 0.000077 sin 2ψ
where ψ is the day angle in radians denoted by ψ = 2π(d−1)/365, where d is the
day of the year (Bird, Riordan 1986). By applying the Beer-Lambert-Bouguer
law to atmospheric phenomena, a few assumptions and calibrations must be made
to be able to compute optical depth in real-time. First, air mass, quantifying the
slant path of light through the atmosphere, is computed by a multiplicative factor
Rainwater 17
to that of the unitary zenith depth of column. By making the assumption that the
atmospheric column is uniformly thick above the terrestrial surface, we are able
to compute air mass as a simple inverse cosine dependence to the zenith angle
θ, m = 1
cos(θ)
. We must be aware that at large zenith angles, this assumption
breaks down due to refraction of sunlight through the layered atmosphere.
2.2.3 Langley Method
Making the assumption that the atmosphere is homogeneous and static over a
given time interval and that the top of atmosphere irradiance is constant, we are
able to provide a simple method to determine the specific top of atmosphere radi-
ance I0 for the optical sensor using the Langley calibration method. By rewriting
the Beer-Lambert-Bouguer Law as ln (I) = −mτ + ln (I0) we can compute the
instrument specific I0 by plotting ln(I) on the y axis, m on the x axis and per-
forming a regression analysis to determine the slope (total optical depth) and y
intercept (natural logarithm of the top of atmosphere intensity) of the linear plot.
Again, the assumption must be that the atmosphere is static and homogeneous,
i.e. τ is constant. A valid Langley calibration can be done by waiting for a very
clean ”Rayleigh” day, a day with virtually zero aerosols and clouds so that this
assumption can easily be made, or by performing this calibration while above the
environmental boundary layer (EBL). This regression analysis must be done for
each individual wavelength while neglecting all instrumental attenuation, which
provides a top of atmosphere intensity curve that can be calibrated to the known
extraterrestrial solar spectrum.
2.2.4 Error Analysis
Error analysis must be performed on the Langley method to ensure that the
atmosphere is actually static enough to provide an appropriate calibration. The
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error analysis determines the standard deviation of the fitted slope and intercept
as well as the correlation factor known as r. Slope (m) and intercept (n) are





















xiyi, with xi and yi denoting the i
th point, which corresponds to each
air mass and ln I respectively. Standard deviation, σ, is derived from the variance

























y2i and the linear correlation is defined as r
2 (“Ajuste de una
recta por minimos cuadrados” n.d.).
2.2.5 Optical Depth Components
Upon successfully calibrating the instrument, the Beer-Lambert-Bouguer law can
be applied in real-time or post-processed to compute the total optical depth (τ)
as long as there is an accurate time stamp, proper collimator alignment, and a
valid calibration curve. Rewriting equation 2.4 to solve directly for total optical
depth yields τ = − ln(I)−ln(I0)
m
.The next phase of computation involves breaking
down the total optical depth τ into the constituent components of aerosol optical
depth τa, cloud optical depth τc, gas optical depth τg, and Rayleigh optical depth
τr, where
τ = τa + τc + τg + τr (2.8)
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The quantity that is the topic of this work is that of τa. First, data with cloud
optical depth interference is commonly omitted due to the complexities behind
subtracting cloud attenuation as well as the dynamic state of clouds. Specifically,
clouds are subject to multiple scattering which breaks down the assumptions of
the Beer-Lamber-Bougher Law. Second, Rayleigh optical depth, τr, is computed
at each individual wavelength based on theoretical calculations. Lastly, the gas
optical depth must be subtracted. This is done by determining the individual
levels of gas optical depth across the spectrum and fitting them to conceptual
gas optical depth curves. The conceptual absorption curves for NO2, Ozone,
and O2 must be subtracted. They are available through databases such as SB-
Dart or SMARTS (Gueymard 1995, 2001). Additionally, gas concentration factor
needs to be found using Differential Optical Absorption Spectroscopy (DOAS) or
equivalent method by isolating wavelengths and regions that are lightly affected
by aerosol optical depth with respect to the gas signal, which provides a direct
gas optical depth value once Rayleigh optical depth is subtracted. Aside from
diatomic oxygen, the other gases each have several isolated wavelengths that are
lightly affected by aerosol optical depth with respect to the gas optical depth. By
making comparisons between each wavelength, gas concentration can be derived.
2.2.6 Rayleigh Optical Depth
The aforementioned variable of Rayleigh Optical Depth must be subtracted before
any further breakdown of total optical depth can be performed. The Rayleigh
Optical Depth is used to subtract out molecular attenuation and is the small
particle approximation to Mie Scatterig Theory. The reason that the sky is blue
is due to Rayleigh scattering which scatters strongly in the blue wavelengths and
weakly in the red wavelengths. In order to compute Rayleigh optical depth across
any given wavelength, an algorithm as laid out by Bodhaine et al. (1999) must be
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used. Certain assumptions will be made regarding column temperature; however,
for the purposes of this application, this algorithm is one of the most accurate





where P is the surface pressure, A is Avogadro’s number, ma is the mean molec-
ular weight of dry air, g is the mass weighted column of air molecules above the
measurement site, and σ is the scattering cross section of air. Pressure is as-
sumed to be 860 mbar at the University of Nevada, Reno measurement site and
Avogadro’s number is taken to be 6.0221367X1023molecules
mol
. The mean molecular
weight of dry air is calculated from the equation ma = 15.0556(CO2) + 28.9595
where CO2 is the concentration of carbon dioxide assumed to be constant at 390
parts per million (ppm). The mass weighted column of air molecules over the
measurement site is calculated from the equation g cm
s2
= g0 − (3.085462× 10−4 +
2.27× 10−7 cos 2φ)zc + (7.254× 10−11 + 1.0× 10−13 cos 2φ)z2c − (1.517× 10−17 +
6 × 10−20 cos 2φ)z3c where φ is the latitude, zc is the effective mass weighted al-
titude of the column given by zc = 0.73737z + 5517.56 where z is the altitude
of the measurement site, and g0 is the measure of gravity at sea level given by
g0 = 980.6160(1 − 0.0026373 cos 2φ + 0.0000059 cos 2φ2). Finally, the scattering







whereNs is the molecular density approximated to beNs = 2.546899×1019moleculescm3
from the assumption of temperature at 288.15K and a pressure of 1013.25 mb, λ
is wavelength expressed in units of centimeters, n is the refractive index of air at









, and finally, 6+3ρ
6−7ρ is known as the depolarization factor or also known as the King
factor F(air). The King’s factor is calculated from
F (air, CO2) =
78.084F (N2) + 20.946F (O2) + 0.934× 1.00 + CCO2 × 1.15
78.084 + 20.946 + 0.934 + CCO2
(2.12)
where F (N2) is the depolarization of N2 as a function of wavelength given by
F (N2 = 1.034 + 3.17× 10−4 1λ2 , F (O2) is the depolarization of O2 as a function of
wavelength given by F (O2 = 1.096+1.385×10−3 1λ2 +1.448×10−4 1λ4 , and CCO2 is
the concentration of CO2 expressed in parts per volume by percent. The result of
this algorithm is the ability to compute ROD at specific wavelengths if provided
inputs of pressure, carbon dioxide concentration, and the latitude and altitude of
the measurement site. An example is shown in Figure 2.3 demonstrating higher
optical depths in the bluer wavelengths and weaker optical depth in the redder
as mentioned before.
Figure 2.3: Rayleigh optical depth sample produced from algorithm developed
by Bodhaine et al. (1999) for Reno, NV
2.2.7 Gas Absorption Optical Depth
For current purposes, gas absorption optical depth is approximated using theo-
retical absorption of specific gases subtracted by use of the k distribution method
(Gianelli, Carlson, Lacis 2005; Gianelli 2004). Currently, there exists numerous
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online resources for computing gas cell transmittance including the open source
SBDart, SMARTS, and the subscription based Spectral Calc website. The Sim-
ple Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS) was
used to provide solar spectral values for top of atmosphere irradiance included
in Appendix B, and the various values for gas column transmittance with a 0.5
nm resolution. Through modeled transmittance values based on assumed atmo-
spheric constituent concentration we can directly calculate the optical depth of
the corresponding constituent described in equation 2.4. Rewriting equation 2.4




gives the ability to directly incorporate theoretical values for
atmospheric transmittance by replacing I
I0
with a transmittance variable ξ such
that equation 2.4 becomes τg = − 1m ln ξ, easily permitting the direct computation
of gas optical depth.
Figure 2.4: Sample instrument functions
detailing the various ways that spectral
averaging is performed to accomodate in-
strument specific resolution limitations
(spectralcalc.com n.d.).
Real spectrometers have finite
resolution so a spectral average
(convolution of instrument function)
must be done on the transmittance
values to relate each specific wave-
length to correspond to a specific
spectral resolution. Once the spectral
average is performed, a spectrome-
ter specific transmittance graph is de-
rived. Furthermore, considering that
each spectrometer does not have a
infinite spectral resolution, spectral
smoothing must be done on the transmittance graph by the use of an instrument
function. Especially in the scope of spectrometer measurements, instrument func-
tions such as those shown in Figure 2.4 must be used to simulate effects like finite
slit width and CCD array pixel size.
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Furthermore, due to the nature of particle scattering and spectral resolution,
scattering effects such as the Ring effect occur, which smears out gaseous ab-
sorption lines due to rotational Raman Scattering (Pallamraju, Baumgardner,
Chakrabarti 2000). When light interacts with a molecule and is absorbed, there
is a possibility that the molecule either already existed at its ground state or
was initially excited. If the molecule existed at the ground energy state and
the absorption of a photon caused an excitation to a higher energy level, there
is a probability that such a molecule will re-emit a photon while falling to a
lower excited state, causing the wavelength to be longer than it would be than
if it was to fall back to the ground state. When gases absorb energy, this effect
commonly occurs, resulting in a kind of filling in of the absorption lines. Be-
cause of the higher resolution of spectrometers, algorithms must account for the
ring effect, diffraction imperfections, or CCD issues through the specific instru-
ment functions. Without the use of instrument functions, underestimations of
gas absorption are commonly made. In order to correct this while trying to mea-
sure gas absorption values, one method known as Differential Optical Absorption
Spectroscopy can be performed to retrieve concentrations of gaseous constituents.
This is done is by observing the spectral continuum and identifying regions where
the gas optical depth is varying particularly rapidly with respect to the aerosol
optical depth. In isolating these regions, the measured difference in intensity in
these wavelength regions is used to compute the gas concentrations.
A more effective method that is currently employed by RSS instrumentation is
something known as the k distribution method as described in Gianelli, Carlson,
Lacis (2005) and Gianelli (2004). This method works to isolate various regions
of noise separated by the relative amount of noise inherent in the spectrum and
takes particular known absorption lines and averages them temporally. Using
NO2 as an example, NO2 absorption primarily exists in the ultraviolet (UV)
portion of the spectrum. Solar intensity drops off dramatically in the UV regime.
Rainwater 24
Furthermore, because of the approximate λ−4 dependence of Rayleigh optical
depth, light even more so strongly attenuates into the UV spectrum. Therefore,
the farther into the UV, the weaker the signal, and therefore high spectral noise
is observed. Separating the NO2 susceptible region (366 - 466 nm) into high,
medium, and low noise, all of the NO2 absorption lines are isolated and averaged
in batches of six. These batches of gaseous absorption regions are averaged to-
gether resulting in a total of 30 averaged batches with 12 in the low noise region
(436 - 466 nm), 16 in the medium noise region (397 - 436 nm), and two in the
high noise region (366 - 397 nm). Performing a least squares regression of the
form τ̄λ = āλN+c0+c1λ̄+c2λ̄2+c3λ̄3 where λ̄2 is the average of the square of the
wavelengths and c0−c3 and N are the desired coefficients yields a highly accurate
result for gas optical depth (Gianelli, Carlson, Lacis 2005; Gianelli 2004). To set
up the least squares analysis, the coefficients are to be solved for using a simple
matrix of the form:


āλ0 1 λ̄0 λ̄20 λ̄30
āλ1 1 λ̄1 λ̄21 λ̄31


























Equation 2.13 will be modified so that the coefficient matrix will be a 30× 5
matrix to accommodate the 30 batches of averaged points. If necessary, the poly-
nomial curve can be expanded to ensure greater accuracy only limited by the
computational power of the controlling machine. Once the matrix analysis is
performed, the corresponding gas optical depth for NO2 can easily be subtracted
out by specific wavelength values fitted to the corresponding spectrometer wave-
lengths. Similar analysis is done for the theoretical absorption for ozone, oxygen,
and water vapor.
Alternatively, ozone concentration can be computed by isolating wavelengths
from 300 - 340 nm corresponding to the Huggins absorption band, providing a




(Polo et al. 2009). A similar method can be performed for the oxygen A-Band
and feasibly for water vapor. Once the corresponding total gas optical depth is
removed, an accurate value of aerosol optical depth is obtained and further com-
putations regarding Angstrom extinction exponent and particle size distribution
can be reliably retrieved.
2.2.8 Angstrom Extinction Exponent
Once spectral aerosol optical depth has been obtained, the next computation
gives an idea of aerosol sizes. This is done by making comparisons between
the aerosol optical depths at different wavelengths. By identifying how light
is attenuated at different wavelengths, a rough idea of the sizes of the measured
column pollutants can be computed by the Angstrom extinction exponent (AEE),
a unit-less quantity generally between 0 and 4 (Polo et al. 2009). A common
method to determine AEE is to perform a linear regression analysis on a log-log
plot of the aerosol optical thickness vs. wavelength in the wavelength range from
400 - 670 nm. By doing this, the coefficients from Angstrom’s equation
τa(λ) = βλ
−α (2.14)
can be computed, where τa is the aerosol optical depth at the given wavelength,
β is the extinction coefficient corresponding to a 1 - µm wavelength, and α is the
wavelength exponent closely related to size distribution of scattering particles.
Performing either a direct fit or a least squares analysis on the equation ln τa(λ) =
−α lnλ + ln β allows for a determination of the Angstrom extinction exponent
(Cachorro, Frutos, Casanova 1987).
2.2.9 Particle Size Distribution
Particle volume distribution is a measure of the distribution of particles based
on their volume. To perform a size distribution retrieval using spectral atten-
uation measurements, a model is employed and constantly manipulated until it
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corresponds to observed data. The idea behind this is to use a model to compute
aerosol optical depth based on Mie Scattering Theory and iterate the model until
the error drops below a certain threshold. For a simple yet informative model,
particle volume size distribution is taken to be a bimodal lognormal distribution
separating out the fine and the course mode aerosol, which nominally corresponds
to less than 0.6 µm and greater than 0.6 µm respectively. The bimodal lognormal
















where r is the particle radius,Rf and Rc are the median radii of the corresponding
modes, σf and σc are the standard deviations of the corresponding modes ap-
proximated as 0.42 and 0.61 respectively, and Cf and Cc are the particle volume
concentration for the corresponding modes (Dubovik et al. 2002). To determine
the mean radius and particle volume concentration coefficients, the particle size















) is the extinction efficiency where mλ is
the refractive index of the atmospheric column at a given wavelength (Ge et
al. 2010). The hardest part of this computation is determining the extinction
efficiency as it requires a thorough understanding of Mie theory. If one should
have the desire to provide a highly accurate numerical solution to Mie scattering
theory to determine the particle extinction efficiency, an algorithm as laid out by
Felske, Chu, Ku (1983) would work; however, being that particle size distribution
is computed from an iterative model where error is ever present, a reasonably
accurate approximation for Mie extinction efficiency will suffice. Therefore, Mie
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[(n2 + κ2)2 + n2 − κ2 − 2]2 − 36n2κ2
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where z1 = (n
2 +κ2)2 + 4(n2−κ2) + 4 and z2 = 4(n2 +κ2)2 + 12(n2−κ2) + 9. Qe3




Felske 1984). Now, the refractive index from above is defined as the complex
refractive index as given by m = n− iκ where n is the real part of the refractive
index and κ is the imaginary part. The imaginary part of the refractive index is
assumed to have little to no impact on the total extinction, so κ is taken to be of
much smaller magnitude than n. For most calculations in the field of photometry,
n can be approximated to be 1.5 and κ can be approximated as 0.007 (Ge et al.
2010). This means that the scattering and absorption efficiencies are wavelength
dependent, and can be rapidly computed numerically.
Returning to Equation 2.16, we can rewrite this based on our knowledge of

























Limited by the requirement for a numerical approximation, this integral is then
broken up into a summation of discrete intervals with width given by h =
rmax−rmin
N


























where ri is now the median of the i




that Rf is roughly less than 0.6 µm and Rc greater than 0.6 µ, constraints can
be set such that the particle size distribution model will remain bimodal. This
scheme is iterated with randomized values of Cc, Cf , Rf , and , Rc until a desired
minimum error is achieved. For the case of radiance measurements and to mini-







(τmod,i − τobs,i)2 (2.20)
where i is the each measured wavelength, τmod,i is the modeled aerosol optical
depth, τobs,i is the observed optical depth, and k is the number of wavelengths
used within the model (Kassianov et al. 2007). Once the model has produced
results agreeable with observation within a reasonable error margin, d ln r
ln r
can be
plotted with respect to r to provide a quantitative particle size distribution.
2.2.10 Single Scattering Albedo
From the previous section, a measure of index of refraction was shown to have
two parts: real and imaginary. The real part of the refractive index corresponds
mostly to scattering by particles while the imaginary part corresponds mostly to
absorption. Single scattering albedo (SSA) is a parameter that is used to quantify
the amount of light that is scattered and absorbed in the atmosphere which gives
insight into the radiative forcing of the climate. When we can determine the
predominant mode of radiation transfer in the atmosphere, it provides insight
into the warming or cooling effects of the suspended aerosols. The only way
to effectively do this is to be able to quantitatively measure both the real and
imaginary parts of the refractive index which allows us to calculate both the Mie
scattering and extinction efficiency, where single scattering albedo is defined as












This ratio of scattering efficiency to extinction efficiency tells us that if ω̄0 ap-
proaches 1, then all attenuation is due to scattering with no absorption, and as
ω̄0 approaches 0, all attenuation is due to absorption (Ge et al. 2010). Concep-
tually, when particles absorbs energy in the form of light, the atmosphere will
warm, whereas when particles scatter the energy, there is a net cooling effect.
Unfortunately, in the scope of spectrophotometry, a spectrometer that is capable
of measuring diffuse sky light is expensive, so SSA is a computation of the future
once a spectrometer of this sort is available. Should this capability be interfaced
with a spectrophotometer in the future, an enormous amount of insight can be
derived from such a computation. Paired with highly resolved gaseous concen-
trations and aerosol particle size distributions, the knowledge of SSA can help to
quantify the unknown forcing phenomena described in Figure 1.1.
Chapter 3
Instrument Design and Function
3.1 Overview
The Robotic Solar Tracking Spectrophotometer (RSTS) works similarly to the
CIMEL CE-318 Spectral Radiometer in theory, but differs greatly in application.
Primary differences include spectral capability, visual feedback, and autocorrec-
tive tracking algorithms as described later.
3.1.1 Basic Functionality
The RSTS consists of several primary components: a computer; zenith and az-
imuth plane stepper motors and controllers coupled to a synchronous worm gear
drive system; an integrating sphere coupled with a radiance collimator; a preci-
sion tracking and observational camera; a spectrometer; and simple humidity and
temperature (SHT) sensors coupled to a data acquisition device. Each of these
components are controlled by the National Instruments LabView development
system. The instrument is setup by positioning the collimating apparatus facing
north. Corresponding algorithms locate the position of the sun in terms of zenith
and azimuthal angles which are then translated to steps for precision movements
by the stepper motors. Once the stepper motors have positioned the appara-
tus towards the sun, the fine alignment sequence begins. The camera initiates
and repeatedly takes pictures of the sun blocked by a neutral density filter to
avoid overexposure. These pictures are analyzed with binary and morphological
analysis to isolate the location of the sun in terms of a pixel grid. An algorithm
identifies the centroid of the solar image and converts this into motor movements.
After a short interval of precision alignment by the motor-camera feedback loop,
the camera saves the picture and the measurement sequence initiates. On the
30
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front of the collimator is an optomechanical shutter which is closed while the
spectrometer takes a dark measurement to eliminate spectral noise instigated
by temperature variation and electrical interference in the spectrometer. Upon
completion of the measurement, the shutter opens and light passes through the
collimator into the integrating sphere. The integrating sphere serves a twofold
purpose: to distribute the intensity of the direct solar radiance so that a mea-
surement is possible without overexposure and to allow measurement of radiant
power. The fiber optic cable, which is located in the side of integrating sphere
away from the direct beam, passes the light to the spectrometer where a light
measurement is recorded. The calibrated spectrum is calculated by subtracting
the dark from the light measurement and the corresponding algorithms are ap-
plied as described in the theory section. Upon completion of the measurement
and associated calculations, the instrument modifies the coarse alignment po-
sitioning and tracks the sun until the next measurement interval. During this
entire process, an internal and external simple humidity and temperature sensor
records data to appropriately safeguard the device from damaging weather.
3.2 Prototype
The RSTS went through a prototyping phase to identify all of the shortfalls of the
proposed design. The first instrument consisted of many of the same components;
however, of a much weaker design constructed out of available materials as shown
in Figure 3.1.
The identified issues with the prototype included the unmanageable gear back-
lash due to plastic planetary gear boxes causing an excessive spacing betweeen
gear teeth, an insufficient integrating sphere design fashioned from a copper float
lacking sufficient reflective paint adherence, a weather susceptible design, an un-
stable camera mounting system requiring frequent calibration, lack of an effective
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(a) Controlling system (b) Measurement Apparatus
Figure 3.1: Prototype RSTS before redesign
collimator block for protecting the integrating sphere and for spectral calibration
measurements, an ineffective ventilation system leading to overheating of an on
board computer, and an improper spectrometer setup leading to unnecessary
fiber optic stress with the lack of an appropriate thermal control over the spec-
trometer CCD array. Despite these issues, the prototype was able to produce
sufficient results to justify a global redesign of the instrument to repair all of the
aforementioned shortfalls.
3.3 Redesign
The new instrument went through a complete redesign in an effort to repair all of
the aforementioned insufficiencies. The redesign included fabricating an entirely
new casing, replacing many of the previous components, reconstructing the gear-
ing system, fabricating a new integrating sphere and measurement apparatus,
and removing the computer from the case for control from a distance.
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3.3.1 Physical Design
The housing of the instrument is made of aluminum and stainless steel. The
primary instrument is mounted on top of a hollow core axis that can be bolted in
a desired arrangement. Current operation has the axis bolted to a flat aluminum
plate for mobile setup and operation. Future arrangements may involve removing
the flat plate and bolting the axis directly onto a platform or pole for vertical
positioning. On top of the axis sits a 14 x 14 x 1/2” aluminum plate. Protruding
through the aluminum plate is a 6” brass gear for worm gear motor coupling.
On two sides of the instrument are additional 14” x 11” x 1/2” aluminum plates
with a 5” x 5” valley cut into the center of the plate flush with the top. Around
this cradle are 6 bolts on each end that hoist a zenith cradle. The zenith cradle
consists of two vertical 5.5” x 13” by 1/2” plates separated by a 5” x 13” by 1/2”
horizontal plate at the bottom of the cradle. Within this cradle resides a custom
built 4” mounted, 3” internal diameter aluminum integrated sphere mounted
within the cradle by 1/2” stainless steel rods through individual bearings. On
one side of the cradle, the stainless steel axle protrudes an additional 2” so that
a 4” brass gear can be mounted and a secondary worm gear motor drive can
be coupled to it. To seal the instrument, there are two 1/16” 5052 aluminum
sheet metal alloys that are folded and bolted into the edge of the 1/2” base and
supporting plates. Towards the top of the plates that support the zenith cradle
exist three 3” diameter fan inlets and outlets. The fan holes are positioned on
the left and right side of the cradle centered in between the cradle and the edge
of the supporting plate. No fan hole is made on the corner housing the zenith
gear. All corresponding instrumentation is bolted as desired around the interior
of the RSTS. Reference Appendix A and C for complete technical drawings.
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3.3.2 Precision Feedback Motor Tracking System
The prototype had four primary issues with the tracking system: the camera
mount, the motor backlash, the belt drive system, and the unnecessarily inflicted
stress on the fiber optic cable. First, in redesigning the case, the entire system
was built on top of a free rotating azimuthal plane. The motor was placed on the
rotating axis while coupled to the azimuthal gear through a worm gear (Figure
3.2a). This allowed a minimal backlash setup with an 296:1 gear ratio. Given
that the stepper motors being used have 200 full steps per revolution and utilizing
a Phidgets stepper motor controller that has 1/16th step resolution, this provides
a total gear ratio of 947200:1 providing a 0.00038 degree resolution per 1/16 step
movement with virtually no backlash. This resolution is roughly an order of
magnitude greater than the prototype.
(a) Azimuthal Gearing System (b) Zenith Gearing System
Figure 3.2: Motor Drive System
The zenith plane is mounted over the top of the azimuthal motor with a similar
worm drive system directly coupled to the zenith axis (Figure 3.2b). The zenith
gear ratio is exactly 2/3 that of the azimuthal plane. An added convenience of this
arrangement with the improved stepper motor controllers allows the instrument
to be much faster to track, allowing for increased accuracy of measurements. With
this design, virtually all backlash has been eliminated and unnecessary stress to
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the fiber optic cable due to rotation has been removed, attributed to fact that the
spectrometer rotates with the azimuthal plane. Furthermore, this has eliminated
the need for belts and increased the potential lifetime of the instrument. Lastly,
a custom mount was created for the camera that is coupled with the integrating
sphere allowing the camera to be stably mounted atop the integrating without
the need for constant realignment.
3.3.3 Integrating Sphere
The integrating sphere was custom made for this instrument so that an effective
measurement apparatus could be accommodated. The custom build allowed for
interfacing a collimator such that it was perfectly perpendicular to the mounting
plane for the camera. The axis also bolts straight into the side of the sphere which
provides greater structural stability and an additional mounting point reduces
unnecessary stress on the motors.
Figure 3.3: Avian B White reflective
coating on the interior of the integrating
sphere shortly after painting.
The interior of the sphere was
provided with a direct scattering
light baffle to avoid direct reflectance
upon the fiber core. This pre-
vents overexposure and guarantees
that purely diffusely scattered light
is measured. The integrating sphere
works to suppress the direct solar ra-
diance without diminishing the dif-
fuse reflectance at any point in the
spectrum. To accomplish the max-
imum diffuse reflectivity, Avian-B
White Reflective Coating by Avian Technologies was applied to the interior of
the sphere as shown in Figure 3.3. Approximately twenty light coats of Avian-B
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applied using a precision siphon feed airbrush provided the sphere with the con-
sistency necessary for long term function as well as the potential for inclusion
of accurate radiance calculations. The choice of a 3” inner diameter integrat-
ing sphere served to allow the spectrometer to minimize its exposure time while
maximizing its signal.
3.3.4 Spectrometer
(a) ASEQ Instruments LR1-T spectrometer (b) ASEQ Instruments LR1-T TEC module
Figure 3.4: ASEQ Instruments LR1-T Spectrometer
The spectrometer used on the prototype was an Ocean Optics Red Tide USB-
650 spectrometer. The Red Tide spectrometer is an educational spectrometer
with a 12 bit A/D resolution, a 2 nm FWHM resolution, and very weak ther-
mal stability. This spectrometer washed out significant data in the attenuated
solar spectrum, preventing accurate measurement of gaseous absorption. The
redesigned instrument now utilizes an ASEQ instruments LR1-T spectrometer,
shown in Figure 3.4. This spectrometer has 14 bit A/D resolution, a less than
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1 nm FWHM resolution, and high thermal stability due to the inclusion of a
thermoelectrically cooled CCD housing (Figure 3.4b). This improvement allows
for up to a 16,384 count signal as opposed to 4096 count max with the Red Tide,
a better resolved spectrum for accurate gaseous absorption measurements, and
virtually no spectral instability due to thermal noise. The TEC (thermoelectri-
cally cooled) unit in the spectrometer utilizes a peltier junction providing a 40◦F
temperature gradient between the nitrogen filled CCD cavity and the air cooled
heat sink. Coupled to the side of the CCD cavity is a thermistor for temperature
monitoring.
3.3.5 Opto–mechanical Shutter
Figure 3.5: Melles Griot Optome-
chanical Shutter and Circuit
An opto-mechanical shutter was added for the
purpose of preventing weather from damag-
ing the coating of the integrating sphere as
well as to provide rapid shuttering for spectral
calibration. A Melles Griot optomechanical
shutter assembled into a housing was made
to couple to the collimator. The shutter has
an 80ms shutter speed and is controlled by
a protoboard circuit as shown in Figure 3.5
with the schematic provided in the appendix.
The Melles Griot optomechanical shutter has
two half moon blocks that swivel into place
through the use of individual solenoids that
trigger the movement based on the direction
of the current across the coils. A protoboard
circuit was constructed so as to provide built
in circuit protection while allowing for full control of the shutter. If the shutter
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is provided current for too long, the coils will burn up, so the protoboard circuit
contains a 2500 uF capacitor to allow for a rapid discharge to the coils when
triggered. A relay determines the polarity of the current to the coils and a second
relay controls the charging of the capacitor.
3.3.6 Controlling System
An issue with the prototype was the placement of the computer in the device while
sitting outside during the day. Positioning paired with a lack of an appropriate
cooling system led to severe overheating of the computer.
Figure 3.6: USB Hub inside of in-
strument
Furthermore, access to the computer was
restricted, requiring either remote desktop
through the use of an Ethernet cable or a par-
tial disassembly of the unit for on site access.
The redesigned system removed the computer
from the case, and through the use of a 64
foot USB extension cable with a repeater, the
instrument can be controlled from shade or
indoors without the possibility for overheating, and eliminating the difficulty of
on site monitoring and control. Furthermore, a seven port powered USB hub with
two high power ports was included for convenience and organization within the
device, requiring only one USB cable to control the five USB peripherals within
the instrument (Figure 3.6).
3.3.7 Added peripherals
Added peripherals to the instrument include two simple humidity and tempera-
ture (SHT) sensors. One sensor is placed inside the instrument and one beneath
the instrument. These sensors are powered and interfaced to a USB-6008 data
acquisition card. These SHT sensors will act as monitoring and instrument pro-
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tection devices allowing the instrument to identify when the humidity is getting
too high to prevent intake of water into the instrument.
3.3.8 Power
The prototype utilized scattered power so a necessary modification that appeared
within the redesigned instrument was that of an improved power scheme. The
redesigned instrument utilizes a mini-ATX power supply rated at 250 watts to
power the USB hub, the two stepper motor controllers, the fans, and the TEC
unit.
3.3.9 Ventilation/Cooling system
Where the prototype had no consistent cooling system other than miscellaneous
fans attached to the exterior of the unit, the redesigned instrument utilizes an
improved ventilation system for cooling. One intake fan is placed near the top
of the instrument on one side of the zenith carrier while two outtake fans are
placed near the top of the instrument on the other side of the zenith carrier.
The spectrometer is mounted upside down within the case pulling cool air up
against the heat sink and providing for interior circulation. The included power
supply further circulates the air within the instrument providing an all around
effective ventilation/cooling system for the instrument. Furthermore, these fans
are controlled by a transistor providing digital control of fan operation, allowing
the fans to be digitally turned off once humidity rises to a certain level or internal
temperature is sufficiently low.
3.4 System Algortihms
3.4.1 Solar Tracking Algorithm
The solar tracking algorithm consists of two primary parts: calculating the zenith
and azimuthal positioning of the sun at any time and performing binary image
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analysis for precision alignment. At the beginning of the day the instrument re-
quires to be positioned North with the scope parallel to the ground. The solar
tracking algorithm functions by computing the location of the sun based on the
Julian date. The algorithm computes the azimuthal angle and zenith angle and
relays this information to the stepper motor control system. The stepper mo-
tor control system converts this into stepper motor movements and rotates the
instrument to within a reasonable vicinity of the direction of the sun. Because
of setup errors or inaccurate northern ordinance, a precision alignment system
with camera image processing is utilized. Once the coarse alignment scheme has
finished, the camera begins taking a series of pictures. A histogram of each pic-
ture is plotted displaying number of pixels as a function of pixel intensity and
a histogram cutoff ensures that only the brightest pixels are relayed to a binary
image which ends up being a single reasonably circular blob in the center of the
image. Morphological analysis is performed on this binary image to compute the
area of the blob and determine the centroid in terms of pixels. Knowing the field
of view of the camera and the direct center of the sun within the image allows
the instrument to compute the necessary motor movements to align to this exact
position. The images that are taken are 1280x720 resolution with a 70 degree
field of view from the camera. The instrument is able to align to within 0.1 pixel
grid corresponding to roughly a 0.005 degree positioning accuracy.
3.4.2 Langley Method and Error Analysis
The Langley method must be employed in order to appropriately provide real
time data. Doing this in LabView is straightforward with the linear fit function.
A perpetual Langley analysis is built into the controlling algorithm. During the
hour, the Langley analysis is performed each time additional data is added to pos-
sibly improve the data extrapolation and minimize error. The majority of hourly
Langley plots are unusable due to the minor changes in air mass and intensity
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in the middle of the day leading to error prone calculations when the zenith an-
gle is small; however, morning and evening data when the air mass is changing
at a rapid rate is applicable. Each time the Langley method is performed, a
subsequent error analysis measures the uncertainty of the linear fit based on the
standard deviation associated with the data points. The error analysis performs
a standard deviation computation on both the total optical depth derived from
the slope of the linear fit, and the top of atmosphere irradiance values derived
from the Y-axis intercept. Reference the Theory section for the mathematical
methodology used.
3.4.3 Real Time Data Retrieval
Once the Langley method has produced a usable top of atmosphere spectral
curve within a reasonable certainty, the system proceeds to compute a number of
variables. Upon each measurement, total optical depth is calculated, the top of
atmosphere calibration spectra, and the air mass at the time of the measurement.
3.5 Comparisons with the CIMEL
In this entire process, the RSTS differs from the CIMEL CE-318 Spectral Ra-
diometer in several ways. First, the RSTS uses a self-correcting alignment system
with a visual feedback loop for precision alignment regardless of external inter-
ference. Second, it incorporates spectral capability providing data from 290 to
1000nm with a 2nm full width at half maximum (FWHM) resolution. Third, it
has the ability to visually analyze atmospheric conditions to appropriately as-
sess data validity as opposed to inefficiently cloud screening data. Lastly, it has
the ability to accommodate additional atmospheric data into measurements only
limited by the capacity of the computer and instrument real estate. The most im-
portant key difference is the modification to allow for a spectral range as opposed
to distinct wavelengths. Where the CIMEL works by recording each wavelength
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individually in an approximately 10 nm filter averaged band, the RSTS provides
finer spectral capability. This spectral capability allows for a greater resolved un-
derstanding of the spectral variation caused by specific atmospheric constituents.
The ability to resolve up to a 2 nm FWHM gives a better understanding of the dy-
namic state of the environment and provides the ability to detect minor changes
and fluctuations that the CIMEL is unable to detect such as narrow absorption
lines. Within the spectral range that the RSTS measures, four distinct gases
are able to be highly resolved: NO2, O3, O2, and H2O. The CIMEL works by
trying to measure one or two distinct wavelengths each to characterize the con-
centrations of the aforementioned gases. By having a spectral range, each gas,
aside from O2, will have numerous wavelengths that can be cross referenced to
provide highly accurate retrivals of O3, NO2, and H2O. Each gas has a number
of distinct wavelengths that are moderate window regions, which are character-
ized by regions that are mostly unaffected by anything other than aerosol and
Rayleigh scattering. So by taking each of these wavelengths and appropriately
comparing them, an improved approximation can be achieved of gaseous concen-
trations which allows for a an improved determination of AOD and particle size
distribution.
The next significant difference of the RSTS from the CIMEL is the camera
feedback loop which allows for precision alignment and atmospheric validation.
The CIMEL uses a quadrant detector for fine alignment. The RSTS uses a cam-
era for fine alignment. Furthermore, when the instrument is subjected to external
interference or is modified in any way, the alignment algorithm will correct itself
appropriately. The second benefit of the camera is for atmospheric validation.
The CIMEL operates only under the premise of a clear sky without any cloud
interference. The way that it detects clouds is by taking multiple measurements
to check for rapid variations in radiance values, which is characteristic of cloud
data. If there are large discrepancies in intensity between each of the three mea-
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surements, the data is cloud screened and eliminated from the output result. The
problem with this method is that variation commonly occurs if there is a localized
event such as a fire, of which the CIMEL may discard as cloud screened data.
The camera on the RSTS saves a photo every time a measurement is made which
allows for detection of the nature of the atmospheric phenomena. Additionally,
clouds and smoke output different spectral responses, which not only appears in
the image but also in the spectrum. With common smoke events, spectral signals
will increase at longer wavelengths which will lead to a skewed measurement,
also commonly evident by the hue in the photo. Furthermore, with clouds and
smoke, the alignment algorithm determines whether or not it needs to be screened
by detecting morphological changes in the solar image through the binary image
analysis. In other words, when something interferes with the direct beam of light,
the bright region in the image will change shape to the corresponding obstruction,
which will happen even with a minor contrail.
The final prominent difference between the CIMEL and the RSTS is the ability
for expansion. When the CIMEL is set up, it allows for no variation as it will
ruin the data and disqualify the scientific benefit. The RSTS has the ability
to adapt which allows it to accommodate additional atmospheric sensors. The
current sensors used are simple humidity and temperatures (SHT) sensors and a
thermistor recording spectrometer temperature; however, sensors that can easily
be incorporated in the future include but are not limited to barometers and
radiometers. Furthermore, the spectral range is only limited by the selection
of the applied spectrometer. The RSTS if necessary can accommodate multiple
spectrometers across a wide wavelength range. As long as calibration according





As stated before, the primary goal of this research is to provide a reliable basis
and proof of concept for thorough long term development and employment of the
RSTS. The current research emphasis has focused upon designing and developing
the instrumentation for accurate and precise optical depth measurements. As
discussed in the theory section, once total optical depth is obtained and validated,
which is synonymous with instrumental stability, numerous additional properties
can be further analyzed. It is for this purpose that we must first assess whether
the instrument concept has been successfully implemented and whether or not it
is sufficient for future research expansion.
The preliminary data demonstrated significant promise and adequate proof of
concept while providing supplemental data to that of the CIMEL and MFRSR.
4.2 Mechanical Functionality
4.2.1 Precision Feedback Tracking System
The first critical result that we hoped to observe from the tracking system is re-
peatability where there was no fluctuation in where the camera calculated the so-
lar centroid. The result showed that despite the minimal fluctuation, the camera
pixel grid was sufficiently fine so that the minor variation in centroid calculations
was not enough to cause instrumental fluctuation within the collimator field of
view which was made to slightly larger than the solid angle of the sun to avoid
sharp radiance cutoffs. The second result that was designed for was the ability
to detect minor fluctuations in solar morphology. When things like contrails in-
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terfere with the direct path of the sun, the algorithm will detect this fluctuation
and therefore allows for cloud screening. As can be seen in Figure 4.1, clouds
created a clear morphological fluctuation.
(a) Image captured during measurement sequence (b) Binary image demonstrating morphological
changes due to cloud interference
Figure 4.1: Morphological analysis corresponding to cloud interference
Furthermore, we also hypothesized that with different substances such as cir-




The motor drive system was designed to provide a very low backlash, high resolu-
tion, repeatable gearing system. In numerous tests, the motor drive system was
repeatable with negligible backlash. In relation to the precision tracking system,
the new arrangement clearly outperforms the prototype instrument. Average
times to complete precision alignment is under fifteen seconds. Prototype times
would vary from thirty seconds to several minutes due to the necessary backlash
compensation.
Spectrometer
The spectrometer was chosen due to modest cost but to also stabilize the signal
with the added benefit of thermoelectric cooling as well as high A/D resolution.
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The spectrometer demonstrated phenomenal spectral stability. During an idle
measurement, the spectrometer measured less than 500 counts of dark current
with less than a 10 count fluctuation, a sufficiently low signal to noise ratio and
stability. Furthermore, the instrument is able to monitor temperature fluctuation
of the TEC module through the use of a thermistor to quantify thermal variation.
Integrating Sphere
The integrating sphere was custom made for this instrument. The integrating
sphere works to weaken the direct solar intensity without damaging the spectral
response. As desired, the 3” inner diameter integrating sphere paired with an 800
um fiber optic cable and the ASEQ Instruments LR1-T spectrometer resulted in
a sufficiently fast measurement cycle providing an optimal signal level. During
the height of the day, this arrangement will provide roughly 14,000 counts of
signal with a 160 ms exposure time. This ensures that during the measurement,
the sun will move very little, promising a reliable measurement sequence without
collimator interference issues.
Opto–mechanical Shutter
The shutter was added for the purpose of preventing weather from damaging
the coating of the integrating sphere as well as provide rapid shuttering for dark
and light measurements. The Melles Griot shutter has demonstrated exceptional
stability and instrument protection with less than a 80 microsecond trigger time
from the signal being sent to having a state change in the shutter position. Fur-
thermore, the built in circuit protection has demonstrated to be helpful during
testing phases as sudden programmatic crashes resulted in sustained current to
the shutter coils. Without the built in circuit protection, the shutter coils would
have burned up.
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4.3 Flaws and/or Potential Improvements
During the preliminary phases of testing with this instrument, several flaws and
potential improvements were identified as follows:
1. Because of the mass of wiring present within the instrument, space opti-
mization becomes an issue. A potential improvement would be to design
a PCB board to replace the shutter protoboard circuit while incorporating
additional inputs and outputs for digitally controlling the various fans and
simple humidity and temperature (SHT) sensors. A single board could be
created that would serve all of these purposes.
2. Regarding organization and arrangement, circuit and cable housings as well
as external connectors could be installed on the instrument. Housings would
prevent damage to the boards due to dust settling on them and would
serve to tidy up the case for ease of access and maintenance. External
connectors would be beneficial in that the instrument could be transported
independently of the USB and power lines while disconnected, which would
also make for ease of re-installation.
3. The incorporation of additional instrumentation could prove to be highly
beneficial to the scope of this research. Instrumentation that could be
added includes an ultrasonic anemometer for three dimensional wind field
measurements; a pyranometer which could be used to measure total solar
irradiance while the RSTS is running so that an appropriate measure of
total and diffuse radiation can be determined; a disdrometer for rainfall
measurements and to further enforce the instrument safety mechanisms;
and improved and/or additional temperature and humidity sensors.
4. A temperature control circuit would monitor the temperature of the TEC
to improve thermal stability. Another alternative would be to either replace
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this spectrometer with an improved version and/or incorporate additional
parallel spectrometers for increased spectral ranges. Useful information is
available in the infrared spectrum, such as numerous additional gaseous
absorption peaks like CH4, so having an additional spectrometer could be
highly advantageous. Also, an improved spectrometer could provide im-
proved A/D resolution with a lower FWHM resolution. With these im-
provements, diffuse spectral radiance measurements could be performed.
5. A dock should be added to for the collimator so that in wet weather, the
collimator can swivel around to house itself under the dock.
6. Because of limitations during the testing phases of the instrument as well as
constraints involving power consumption, the instrument required a clean
day in Reno to acquire a moderately accurate top of atmosphere (TOA)
calibration curve. To most accurately achieve a TOA calibration, the in-
strument should be transported to the top of the atmospheric boundary
layer to perform Langley analysis. This minimizes potential error rooted in
the assumptions necessary to perform a Langley analysis. A popular site
for such an analysis is at the Mauna Loa observatory in Hawaii, though a
practical alternative would be the summit of Peavine Mountain.
7. Because of the choice of camera, the highest practical image resolution is
1280x720 and being that the current camera is a webcam, solar imaging
is limited. Numerous potential improvements in camera selections exist
and should be coupled with a high quality neutral density filter so that
interference is minimized and the most accurate binary analysis can be
performed.
8. Because of the nature of instrument development, the full LabView develop-
ment system needed to be utilized (approximately a 20 gigabyte program).
This program could be compiled as a more compact application.
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9. An algorithm could be implemented for the Angstrom Extinction Expo-
nent (AEE), Atmospheric refractive index, particle size distribution, O3 or
NO2 retrievals, or aerosol single scattering albedo. These variables can be
incorporated without considerable difficulty.
Chapter 5
Atmospheric measurements
To appropriately discuss instrument performance, data from both the prototype
and imrpvoed instrument redesign will be covered.
5.1 Examples from the Prototype Instrument
Prototype instrument measurements were compared to the CIMEL CE-318 dur-
ing a variable day.
(a) CIMEL CE-318 level 1.0 non-cloud screened
aerosol optical depth for the corresponding wave-
lengths in a two hour interval from 2:00-4:00pm
on November 12, 2012.
(b) RSTS prototype data for the corresponding
wavelengths in a two hour interval from 2:00-
5:00pm on November 12, 2012.
Figure 5.1: Data comparison between the RSTS prototype and the CIMEL CE-
318 Spectral Radiometer demonstrating basic proof of concept.
Figure 5.1 shows a comparison between the CIMEL CE-318 Spectral Ra-
diometer compared with measurements made with the Ocean Optics Red Tide
Spectrometer. The correlation between the CIMEL and the RSTS was observed
although there was slight irregularities. First, due to the difference in the sensors,
to perform a reasonable comparison, the RSTS required 10 nm spectral averaging
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to simulate the broadband filters in the CIMEL. Unfortunately, this averaging
provides an equal weight across the 10 nm band; however, in reality, each CIMEL
band is subject to specific filter functions. Therefore, error will be present in sim-
plistic averaging. Second, due to the unstable nature of the Red Tide USB650
spectrometer, inaccurate values of gaseous concentrations were subtracted from
the total optical depth leading to additional error. Third, because of the way that
the RSTS measures, the measurements are not in regular time intervals, leading
to slight irregularities in timing between the CIMEL and the RSTS, which par-
tially accounts for the lack of perfect correlation between optical depth spikes
and certain slopes. Lastly, the RSTS prototype was calibrated within the Reno
atmospheric boundary layer which produces irregularities in the TOA calibration
curve. This irregularity will lead to skewed TOD computations due to an inac-
curate assumption of I0, which may account for the mild differences in aerosol
optical depth between the CIMEL and the RSTS on November 12, 2012. The
RSTS performed reasonably well in demonstrating a correlation in the peaks and
troughs of the optical depth time series. This measurement provided a sufficient
proof of concept to justify a redesign to implement improvements.
The aforementioned retrievals were based upon a reasonable TOA calibration
file; however, the calibration file maintained likely irregularities due to measure-
ment within the atmospheric boundary layer, which were verified by the outra-
geous standard deviation across the spectrum. Figure 5.2 shows irregularities
present throughout the UV spectrum characterized by the spiked signal. These
irregularities are likely due to the low signal to noise ratio. Furthermore, due to
the instability of the measurement and the Ring effect, the calibration file still
displays absorption peaks such as the Oxygen A-Band near 760 nm, whereas if
the extrapolation was done correctly, the oxygen A-Band should not be there.
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Figure 5.2: Red tide spectrometer I0 calibration function
This argued the case to install a better resolved spectrometer with a higher
spectral resolution which would reduce the averaging out of absorption lines.
Furthermore, a higher A/D resolution would provide a better resolution of optical
depth computations.
Figure 5.3: Real Time TOD measurement with ROD overlayed and subtracted
A more effective example of the irregularities present within the solar spec-
trum is through the real time total optical depth computation as shown in figure
5.3 due to lack of a sufficient A/D resolution of the spectrometer. Optical depths
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at wavelengths below 400 nm and above 800 nm are noisy. Within this figure,
absorption by NO2, O3, O2, and H2O are present; however, noise in the graph
leads to inaccurate optical depth computations. Oscillations are present within
the spectrum demonstrating the inherent noise that is present for this spectrom-
eter. Furthermore, although this data set is reasonably good, the spectrometer
still required improvement due to the high thermal instability present on the de-
vice. Because the RSTS must be deployed outside throughout the day, thermal
instability leads to unacceptably large measurement errors.
5.2 Current Data
5.2.1 Solar Spectrum
Figure 5.4: Solar spectrum as retrieved by the ASEQ Instruments LR1-T spec-
trometer
Immediately upon installing the new spectrometer in the device, the solar spec-
trum demonstrated substantial improvement as can be seen in figure 5.4. Being
that the ASEQ LR1-T spectral range is from 290 - 990 nm with a 14 bit A/D
resolution, a much stronger UV response was immediately observed, providing
capacity for highly resolved NO2 concentration retrievals. Furthermore, gaseous
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spectral features were observed to be more prominent than that of the Red Tide
USB650, presumably due to better handling of the Ring effect which is attributed
to the improved spectral resolution. Additionally, as can be seen in the dark mea-
surement in figure 5.5, the ambient noise in the spectrum while the TEC is on is
minimal in magnitude showing potential for proper linear fits.
Figure 5.5: Dark spectrum as retrieved by the ASEQ Instruments LR1-T spec-
trometer
Unfortunately, as of this point, this spectrometer cannot be used for data
analysis due to an unresolved issue inherent in the spectrum. Over the course
of the day, the spectrometer will begin to develop severe irregularities in the
spectra in the form of oscillations. On certain days these oscillations can reach
the extremes shown in figure 5.6. This issue is showing up due to a ”leak” of
power being pushed across the TEC module into the spectrometer circuit across
a shared ground. As the day progresses, the ground on the TEC begins to greatly
differ from USB ground, causing a flow of electricity through the spectrometer
PCB and USB line, causing interference in the return signal. Once this issue can
be resolved, just based upon the spectra shown in figure 5.4, it should be safe to
assume that this will yield a considerable improvement in data retrievals over the
USB 650 Red Tide spectrometer.
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Figure 5.6: Solar spectrum with oscillations as retrieved by the ASEQ Instru-
ments LR1-T spectrometer
5.2.2 TOA Calibration
Figure 5.7: Top of atmosphere spectrum derived from the Langley method while
using the ASEQ Instruments LR1-T Spectrometer
In the limited time available to obtain a sufficient calibration file for real time
data processing capabilities before the spectra began to diminish, the TOA cali-
bration curve already demonstrated mild improvement. Though the TOA curve
is slightly noisier due to lack of a perfect calibration, the absorption lines such
as the Oxygen A-Band (at approximately 760 nm) and other peaks have been
better extrapolated out as desired as shown in figure 5.7, whereas the Red Tide
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USB650 spectrometer failed to properly extrapolate the gaseous absorption. De-
spite the irregularities that show up in the spectrum, this demonstrates that the
spectrometer maintains great thermal stability and is more effective for spectral
analysis as it clearly is able to detect minor changes across changing air masses.
5.2.3 Atmospheric Turbidity
Unfortunately, because of these oscillations, an inaccurate total optical depth re-
trieval is unavoidable. Because of this, oscillations begin to show up over time
in the total optical depth data which immediately discards any possibility for
Rayleigh or gaseous subtraction. Particle size distribution and additional com-
putations become immediately useless. Until these irregularities are solved and
removed, no useful data can be retrieved.
5.3 Data Issues
Unfortunately, for a majority of the research endeavor, the spectrometer expe-
rienced these large oscillations in the spectrum. This problem will eventually
be resolved and just based upon the greatly improved spectral responses of the
ASEQ Instruments LR1-T spectrometer while incorporating thermal stability
proves that this spectrometer will end up being an optimal choice for the RSTS.
Additionally, the ASEQ Instruments company provides higher resolution alter-
natives to this spectrometer for an additional price, and they can be customized




Throughout this research pursuit, we have experienced numerous promising re-
sults. Although oscillations are still present within the spectrometer, when work-
ing, the system runs without flaw and demonstrates significant improvements. As
mentioned before, the spectral capability, paired with signal all the way down to
approximately 325 nm makes this instrument highly applicable for atmospheric
gaseous detection as well as meaningful optical depth studies. Although the corre-
sponding algorithms for particle size distribution, water vapor concentration, and
cirrus cloud optical depth have not been implemented, the results have demon-
strated that the total optical depth and calibration curves are stable enough to
successfully implement these algorithms. The current model of the RSTS also
demonstrates substantial mechanical and optical improvements over its prede-
cessor which will allow for reasonable certainty in instrument repeatability and
potential expansion possibilities. These mechanical and optical improvements
include, but are not limited to, a high resolution gearing system, an effective
spectrometer while working, atmospheric visual condition analysis via a camera,
and overall versatility. The instrument was made cost effective by building with
simplistic components and therefore some of the experienced problems can be
potentially solved with more reliable and likely more expensive components. If
the current spectrometer can be fixed to work with this current setup, then the
instrument will remain cost effective for numerous implementations.
Upon identifying the source of and correcting the current issues inherent with
the spectrometer, the RSTS’ future is intended for academic and industrial distri-
bution. Preliminary data shows results in reasonable agreement with the CIMEL
CE-318 Spectral Radiometer meaning that these implementations can also include
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adding, replacing, or supplementing currently employed photometric instrumen-
tation. If this instrument can reach the market so that individuals can further
advance this scientific cause without the concern for unreasonable costs, scientific
innovation in this field can grow exponentially. Numerous academic institutions
desire instrumentation such as this; however, cost and lack of versatility are dis-
advantages. With the RSTS, users can easily operate it and potentially modify it
to their specific research interests and needs without the requirement of personal
isolation from the instrument. Immediate computations and versatility with con-
trolling systems also allows for potentially improving algorithms on site for direct
testing. Additional long term goals include possibilities for aircraft capable mea-
surements so that calibration can be done above the boundary layer and direct
solar radiance studies can be performed. The implications of this research will
lead to enhanced understanding of atmospheric gaseous concentrations as well
as atmospheric aerosol effects. Potential implications are nearly limitless in the
scope of atmospheric radiation transfer, especially considering the versatility of
the spectrometer and various component selections. Although there is plenty to
be improved upon, at this point only minor modifications will provide the ability
for non stop operation in various academic and industrial facilities for the pure
purpose of scientific innovation and advancement.
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The Robotic Solar Tracking Spectrophotometer is a device that tracks the sun,
records solar spectra, and calculates various optical properties of the atmosphere.
The RSTS is a cost-effective spectral alternative to the currently accepted Aerosol
Robotic Network (AERONET) CIMEL CE-318 Spectral Radiometer. Currently,
the instrument operates using an ASEQ Instruments LR1-T Spectrometer that is
coupled to a measurement apparatus via a fiber optic cable. The RSTS consists
of a self containing weather resistant enclosure containing the ASEQ Instruments
LR1-T spectrometer, an Amazon 7-port powered USB hub with two high power
ports, a 12V 30A regulated power supply, two standard NEMA17 stepper motors,
two Phidgets 1067 stepper motor controllers, the corresponding worm gear drive
system, a LabView USB-6008 data acquisition card, and a protoboard optome-
chanical shutter circuit. Atop the instrument sits a zenith mounted alignment
apparatus containing a half inch diameter stainless steel axis coupled to a 3 inch
inner diameter machined aluminum integrating sphere, an integrating sphere cou-
pled mount for a Microsoft Lifecam Webcam with a machined weather enclosure,
approximately 9 inches of ThorLabs one inch standard lens tube, and a 026026
Melles Griot Rotor Drive Opto-Mechanical shutter with a machined housing for
lens tube coupling. Auxiliary components include a spectrometer coupled ther-
mistor as well as one interior and one exterior simple humidity and temperature
(SHT) sensors that regulate the corresponding fan circulation system to avoid
water intake while providing optimal cooling. Finally, a computer running the
full LabView devleopment package as well as the IMAQ-dx, Vision acquisition
software, and the Vision Development Module packages controls the system.
In order to fully understand the function of the corresponding system, a quick
start guide will be provided followed by corresponding mechanical technical doc-





1. Orient instrument with the zenith facing apparatus parallel with the ground
and position the instrument with the alignment scope facing in the north-
ward direction. It does not need to be perfect but within roughly ± 15
degrees.
2. Locate and plug in the 120V AC power adapter coming from the base of
the azimuthal axis followed by connecting the USB extension cable from
the controlling system to the computer.
3. Ensure that the USB extension cable is connected to a USB 2.0 or later
port for sufficient data transfer and power on the computer.
4. The VI entitled ”Solar Tracking (Primary)” will automatically start up with
the computer and begin pulling temperature and humidity data, computer
IP information which will be uploaded to dropbox, and will initiate the
coarse alignment computations.
5. Adjust the corresponding values to ensure that the instrument will correctly
track the sun to the desired specifications:
• Latitude and Longitude - Change accordingly to the exact location of
the instrument for the most precise air mass computations.
• Alignment Camera - The program toggle to ensure that it will use the
mounted webcam for tracking as opposed to certain systems virtual
camera drivers or an auxiliary webcam.
• Horizontal and Vertical Pixel Alignment - Defines the alignment grid
that the camera will need to track to. Before changing these variables,
ensure that instrument is indeed out of alignment. These parameters
can be changed accordingly until the instrument tracks like it should.
• Alignment Precision (Pixels) - Determines how precise the instrument
needs to track within the aforementioned pixel alignment. The smaller
this variable, the more repeatable and reliable the tracking algorithm
will be whereas the larger it is, the quicker the instrument will align.
Finding a balance here is key, as if the value is too small, the instrument
will always be trying to track and never quite reach the precision that
is desired.
• Exposure Time - The Spectrometer Exposure parameter. May need
to be adapted to accommodate summer conditions; however, if this
parameter is changed, the corresponding calibration file for top of at-




• Measurement Intervals - Defines the number of minutes in which the
instrument will try to perform a measurement. Default is every 2
minutes; however, this number can be increased if this kind of temporal
resolution is not required.
6. Click the run toggle in the upper right hand portion of the visual interface.
The instrument will begin rotating around to track the sun according to
the parameters listed on the visual interface.
7. If the instrument is weather sealed and the algorithms are implemented
to turn off the intake and cooling system during humid environments, the
instrument can be left this way. Each night the instrument will return to
the north facing position and restart the following morning.
8. If the instrument needs to be taken inside; uncheck the ”run” toggle and
press the ”stop” button to return the instrument to default position.
9. Proceed with disconnecting the USB cable followed by the power cable only
after the instrument has parked and the program has stopped.
C.7
Mechanical Design and Function
2.1 Component List
As mentioned in the Overview, the instruments consists of operational compo-
nents as follows:
• USB 2.0 or above capable computer
• ASEQ Instruments LR1-T Thermoelectrically cooled spectrometer
• A 12V 30A DC Universal Regulated Switching Power Supply
• Ocean Optics 200um half meter fiber optic cable
• Amazon Basics 7 Port USB 2.0 Hub with 5V/4A power adapter
• LabView USB-6008 Data Acquisition Card
• 2A NEMA 17 4 wire Bipolar Stepper Motor
• Phidgets 1067 4A capable Bipolar Stepper motor Controller
• A Microsoft LifeCam Cinema 720p webcam with speaker flattened and
mount removed
• ThorLabs SM1 1” lens tubes
• 026026 Melles Griot Rotor Drive Opto-Mechanical Shutter
Note: Corresponding Enclosures are machined for the camera so that it is
water sealed within the mount as well as an enclosure for the Melles Griot shutter
so that it can be screwed into the thorlabs lens tube. These additions are displayed
on the following page, despite no included technical drawings in order to retain










Figure 2.2: Base Plate
2.2.3 Integrating Sphere Supports




Figure 2.4: Vertical Dual Fan Support




Figure 2.6: Integrating Sphere
2.2.6 Camera Mount




This section will detail the four primary circuit schematics for appropriate refer-
ence if any wiring modifications are performed on the RSTS.
2.3.1 SHT75 Connection
Figure 2.8: SHT75 Connection Schematic
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2.3.2 Melles Griot Shutter Circuit




Figure 2.10: TEC Thermistor Schematic
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2.3.4 USB-6008 DAQ Connection Schematic




The VI hierarchy is listed for reference with a brief description of each so as
to simplify the programmatic understanding. Also note that the main control-
ling VI is entitled ”Solar Tracking (Primary).vi” with each of the subsequent
subVI’s nested accordingly. Furthermore, only the user programmed VI’s have
been listed here as there are numerous supporting VI’s for both the Phidgets 1067
Bipolar Stepper Motor Controllers and the ASEQ Instruments LR1-T Spectrom-
eter. Lastly, a supporting photo will be provided for the main VI visual interface;
however, no further interfaces will be displayed as they are used purely for code
and the visual interface serves no purpose.
• Solar Tracking (Primary)
This is the absolute controlling algorithm for the system. As referenced
in the quick start guide, this VI will control all subsequent VI’s. Fur-
thermore, this VI includes numerous controls for changing various tracking
components as well as numerous interfaces for observing daily data. Below
is a referenced picture of the supporting interface.
Figure 2.12: Solar Tracking (Primary) Front Panel Visual Interface
• ASEQ Initialize
This VI is spectrometer specific to the ASEQ Instruments LR1-T spec-
trometer. It serves the purpose of retrieving the linearity correction and
C.17
14
wavelength coefficients from the EEPROM before beginning the controlling
loop.
• SHT Initialize
Similar to the ASEQ Initialize VI, this VI serves to initialize the data
channels for the interior and exterior Simple Humidity and Temperature
(SHT) sensors. This also appears before the controlling loop.
• SHT Measurement
This VI is nested within the controlling loop and serves to record tem-
perature and humidity data for each of the corresponding channels.
• TEC Thermistor
This VI complements the SHT Measurement VI by providing real time
temperature data via a thermistor plastered to the silicon housing of the
thermoelectrically cooled CCD element.
• IP Detection
This VI works to identify the controlling system’s IP address and records
it to a simple .txt file within the desired system folder. In this case, it is
saving to the systems Dropbox folder for remote interfacing.
• Course Solar Position Calculator
This VI works to identify the course solar position of the sun in terms
of solar zenith and azimuth. This information is used for future motor
movements as well as air mass calculations.
• Stepper Motor Horizontal Movement
This VI takes a desired absolute motor movement (not relative) and
proceeds to direct the motor to such position in the Azimuthal plane.
• Stepper Motor Vertical Movement
This VI takes a desired absolute motor movement (not relative) and
proceeds to direct the motor to such position in the Zenith plane.
• Default Save Directory
This VI serves to create an organized file arrangement in the desired
default save directory. Whatever directory is inputted into this program
will be appended and the corresponding folder hierarchy will be created by




This VI performs the fine alignment necessary to perform subsequent
measurements. Once the program begins lands on a measurement interval,
this VI will initiate and fine align the instrument to the sun. Once aligned,
a photo will be saved for reference.
• Particle Filtering
This VI is an integral part of the Camera Alignment algorithm in that
this performs the corresponding binary extraction and morphological anal-
ysis on the solar image in order to identify pixel coordinates to align to.
This information is passed to the Camera Alignment algorithm until the
tracking algorithm has aligned within a certain pixel precision.
• Shutter (Measurement Sequence)
Upon successful alignment, this VI will serve to close the shutter, take a
dark measurement, open the shutter, take a light measurement, and perform
the subsequent analysis on the corresponding data.
• Spectrometer
This is currently the spectrometer VI for taking the corresponding spec-
tral readings. If desired, a different spectrometer can be used and this VI
can be swapped, pending the corresponding input/output matching.
• ROD Calculator
Every time a measurement is performed with the spectrometer, an ROD
plot is overlayed to match the retrieved wavelength information. This is re-
layed to the corresponding data analysis algorithm for proper computations.
• File Manipulation
This VI manipulates the spectrometer files to include air mass, time,
and various attributes within a calibrated spectral file for future processing.
• Analysis
This VI performs all of the analysis with the spectral data and is finally
relayed back to the main VI for display.
• Time Data
This VI is nested in the Analysis VI to update temporal information
optical depth with averaged wavelength bands so as to mimic the CIMEL
CE-318 Spectral Radiometer for data validation.
If further understanding of the VI’s are necessary, reference comments within
each VI for understanding of the programmatic flow.
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